Introduction
Total ankle replacement (TAR) is a demanding procedure that can ultimately fail for myriad reasons and require revision. As proposed by Henricson et al 1 the specific definitions for secondary procedures performed for failed TAR include: (1) revision, defined as any removal or exchange of one or more of the metallic prosthesis components except for incidental exchange of the ultra-high molecular weight polyethylene (UHMWPE) insert (i.e., metallic component replacement, custom-design prosthesis to revise previously revised implants exists. 2e5 The development of aseptic osteolysis following TAR is the major cause of failure, increases with time, and results in loss of fixation of the prosthesis. 6 This process involves a macrophage mediated osteolytic destruction of peri-prosthetic bone secondary to phagocytosable UHMWPE wear debris usually as a result of component malposition. 6e9 Although highly dependent on the specific TAR prosthesis system employed, debate remains as to whether patients with failed primary TAR are best served with revision TAR 10e19 or tibio-talocalcaneal (TTC) arthrodesis 20e22 most commonly employing bulk intercalary allograft, with trabecular metal spacers recently released for use. 23 At present there are no "standard principles" associated with revision TAR and instead this is very much a concept in evolution. What is clear is that the current approaches are technically very complex, fraught with complications and no one approach represents the only answer. The author reviews the current strategies available for revision TAR specific to metallic component exchange.
Metallic prosthetic component exchange using the same total ankle replacement system standard components
The concept of tibial and/or talar metallic component exchange for revision of failed primary TAR is an established approach reserved for situations where one of the metallic components is well bonded to the adjacent bone and well aligned while the other is loose, subsided, mal-aligned or otherwise requires removal and revision replacement. The incidence of revision following primary implantation of the Agility Total Ankle Replacement System (DePuy Orthopaedics, Inc, Warsaw, IN) has been determined to be 10.2% (240 revisions/2,353 primary implants) at a weighted mean follow-up of 24.1-months. 24, 25 Specifically, 77.1% (185/240) of the revisions consisted of implant component replacement followed by ankle arthrodesis (44/240; 18 .3% of revisions) and below-knee amputation (BKA) (11/240; 4.6% of revisions). 24, 25 It should be noted that all studies included in this systematic review involved an un-cemented Agility Total Ankle Replacement that is against the US FDA requirements for the 510(k) cleared use of this prosthesis. Further the implant evaluated was the version available for use between 1998 and 2007 but the exact version of the talar component implanted (i.e., Original, Posterior augmented, Revision) could not be determined. Data pertaining to the Agility LP Total Ankle Replacement System which became available for use in 2007 has not been published; however, a US FDA clinical trial completed in November 2012 determined an incidence of revision of 6% (3/50) at a mean follow-up of 24-months (http://www. clinicaltrials.gov/ct2/show/results/NCT01366872?term¼Agilityþ LP&rank¼1&sect¼X867015#outcome3; Last accessed: October 25, 2014). However, these authors noted radiographic findings of talar subsidence at final follow-up in 10 (20%), both talar and tibial subsidence in 5 (10%) and tibial subsidence in 1 (2%). Since metallic component subsidence is a known potential precursor to revision 2e5 the overall incidence of metallic component subsidence of 32% (16/50) is a cause for concern and it would be beneficial for these authors to publish their medium and longterm follow-up of these patients. Unfortunately, little information exists for the outcomes following metallic prosthetic component exchange with the Agility Total Ankle Replacement System. Gould 10 evaluated 27 talar and/or tibial implant component replacements of which 20 (74%) were considered to have had "good" or "excellent" outcomes at 24-months postoperatively. Ellington et al 16 were able to evaluate 41 patients, out of an original pool of 53 patients with failed primary Agility Total Ankle Replacement System, following revision consisting of talar component replacement only in 36.6% (15/41) and both tibial and talar component replacement in 63.4% (26/41). Unfortunately, 46.3% (19/41) of these revisions consisted of custom-made talar components but the specific prosthesis survivorship was not provided. At a mean follow-up of 49.1-months further revision in the form of TTC arthrodesis was required in 12.2% (5/41) for progressive component migration with subsidence and BKA in 4.9% (2/41) as a complication of deep periprosthetic infection. Viewed as a whole, it appears that approximately 75% of Agility Total Ankle Replacement System requiring revision can be treated with metallic component exchange ( Figure 1 ) and 75% of these will not require revision in the short-term.
The incidence of revision following primary implantation of the Scandinavian Total Ankle Replacement system (STAR, Stryker Orthopaedics, Inc, Mahwah, NJ) has been determined to be 10.7% (269/2,507) at a weighted mean follow-up of 64-months. 26 The specific revision performed was not clearly defined for 51.7% (139/269) prostheses. For the remaining prostheses revision consisted of metallic component replacement in 50.7% (66/130) followed by ankle arthrodesis (62/130; 47.7%) and below-knee/ above-knee amputation (2/130; 1.5% of revisions). Only one study including follow-up of revision STAR prostheses exists. Brunner et al 18 Unfortunately, the percentage that underwent simultaneous tibial and talar component exchange and the mix of standard with revision components was not provided and a subsequent longer-term follow-up study did not provide additional insight. 19 Taken collectively revision of failed TAR with metallic component exchange using the same TAR system components represents a straightforward, low-cost option with limited occurrence of complications and should be considered as the revision method of choice when feasible.
Metallic prosthetic component exchange using the same total ankle replacement system revision components
Few TAR systems have readily available revision tibial and/or talar components. Compared to the Original or Posterior Augmented talar components the Revision talar component for the Agility Total
Ankle Replacement system is rectangular in shape with wide medial and lateral flanges, has a fin that is 1-mm less in height and length and is between 1.5-mm and 2.8-mm thicker ( Figure 2 ). 24 Unfortunately, no published outcome data exists specific to this revision component despite finite element modeling supporting the design concept to limit talar subisidence (http://www.depuy.com/sites/ default/files/onlinelib/DO_Computer_Modeling_Agility_LP_Talar_ Component_0612-71-501.pdf; Last accessed: 10/25/2014). The Salto Talaris XT Revision Ankle Prosthesis (Tornier, Inc, Bloomington, MN) was developed to specifically revise failed Salto Talaris Anatomic Ankle Prosthesis (Tornier, Inc, Bloomington, MN). Compared with the Salto Talaris Anatomic Ankle Prosthesis talar height of 5.5-mm the Salto Talaris XT Revision Prosthesis talar component has greater height between 10.5-mm and 11.9-mm. The undersurface of the talar component is flat and primary stability involves a 70 posterior angled 10.2-mm deep 12-mm outer diameter medially offset hollow fixation peg with a stabilizing posterior blade. Unfortunately, no published data is available for review. The HINTEGRA Revision Ankle Prosthesis (Newdeal, Lyon, France/Integra, Plainsboro, NJ) has revision tibial components that are 4-mm and 8-mm Replacement System. Intraoperative photograph (C) demonstrating initial presentation following resection of the anterior tibial bone engulfing the implant. Intraoperative photograph following planar resection of the talar dome to correct varus mal-alignment deformity and resection of the distal tibia to accept the custom stemmed tibial component (D). It was necessary to cut-through the screws used to perform the syndesmosis arthrodesis as they had been completely overgrown with bone and could not otherwise be removed. Photograph of the custom stemmed tibial (top) and talar (bottom) implants with porous coating on the stems, tibial external sidewalls, superior tibial component and inferior talar component (E). The custom stemmed tibial component has been inserted following polymethylmethacrylate cement stabilization, the previously resected anterior tibial cortical window replaced, the custom stemmed talar component inserted following polymethylmethacrylate cement stabilization, and a frontloaded þ1-mm polyethylene insert placed (F). Note the peroneus brevis tendon transfer to the medial distal tibia underneath the three-hole plate and screw construct used to stabilize the anterior tibial cortical window. Weightbearing anterior-posterior (G) and lateral (H) ankle radiographs demonstrating maintained alignment of the custom stemmed tibial and talar components. thicker than the standard components and the revision talar component has a flat undersurface with two long pegs. Hintermann et al 27 evaluated 33 failed HINTEGRA Ankle Prosthesis of which revision consisted of revision talar component exchange in 10 and one revision tibial component exchange. Unfortunately, the survivorship of these revision components was not provided and a subsequent longer-term follow-up study did not provide additional insight. 19 The benefit of readily available revision tibial and talar components for a given TAR system is obvious; however, studies detailing the long-term survivorship of this approach including patient outcomes are warranted before widespread use of these revision components can be advocated. The temptation to use revision components for complex primary total ankle replacement situations exist and should be tightly regulated to avoid unnecessary use since future revision would be made more difficult if not impossible.
Metallic prosthetic component exchange with conversion to long stemmed components
One alternative component revision strategy is long stemmed tibial and/or talar components 16e19,28e34 that allow augmentation of segmental bone loss and spanning fixation into the tibial metaphysis and/or calcaneus. None of the commercially available TAR systems currently in use offer one-piece off-the-shelf long stemmed tibial or talar components. However, the INBONE I and II Total Ankle Replacement systems have the ability to insert up to 8 tibial stem pieces up to a total length of 96.5-mm since the current instrumentation allows for a maximum tibial reaming depth of 100-mm (http://www.ankleinstitute.com/TotalAnkle/pdfs/0091 45_INBONE%20II%20ST%20supplement.pdf; Last accessed: 10/25/ 2014) thereby allowing "customization" of the tibial component length useful for spanning bone defects. Additionally, the INBONE I and II Total Ankle Replacement systems have a standard 10-mm talar stem and a longer 14-mm stem available for use but the 48mm, 58-mm and 66-mm in length and 13 or 26 lateral angulation long stem talar stems were never cleared by the US FDA for general use and remain unavailable. 35 The Salto Talaris XT Revision Ankle Prosthesis has a stemmed tibial component with a 40-mm long central keel that has been available in the US by surgeon prescription only on a compassionate use basis since 2012. Undergoing clinical evaluation in France are two flat cut 55-mm long 70 posterior angled medially offset long stemmed talar components, one with 2-mm greater height and the other with 9-mm posterior augmentation (http://footandankleblog.com/2013/08/ 22/salto-xt-revision-ankle-replacement-system/; Last accessed: 10/25/2014) that should prove useful during revision TAR when talar bone stock is limited. Takakura 36 evaluated 126 primary TNK Ankle prostheses (Japan Medical Materials, Osaka, Japan) and described the use of a total talar replacement component for seven failures associated with extensive talar component subsidence and loss of talar bone stock but did not offer any further outcomes.
Another option is the development of custom-design long stemmed tibial and talar components based on specific individual patient needs (Figure 3 ). Carlsson 28 described the use of customdesign long stemmed tibial components for revision of seven failed STAR systems between 1994 and 1996. At a mean follow-up of 1.4-years one required ankle arthrodesis and one had talar component subsidence. Unfortunately no other data was available and no further publications could be identified for custom-design long stemmed STAR components. Alvine 33 primary Agility Total Ankle Replacement System, Ellington and Myerson 16 were able to evaluate 41 patients following revision at a mean follow-up of 49.1-months. Out of the entire cohort 4.9% (2/ 41) underwent custom-design long stemmed tibial component replacement and 41.5% (19/41) underwent custom-design long stemmed talar component replacement. Further revision in the form of TTC arthrodesis was required in 12.2% (5/41) for progressive talar component migration with subsidence and BKA in 4.9% (2/ 41). 16 Tsukamoto et al 34 described the use of a custom-design long stemmed total talar replacement for a failed TNK Ankle with 2-year follow-up indicating good function.
Unfortunately, as of December 8, 2011 any custom-design long stemmed talar component is no longer available for clinical use in the US due to FDA regulation and the availability of this in the future remains uncertain (http://www.fda.gov/ICECI/EnforcementActions/ WarningLetters/2011/ucm287552.htm; Accessed 10/10/2014). However, based on available published data, custom-design long stemmed tibial and/or talar components clearly represented viable options and should also be relevant in the future once the FDA loosens the current restrictions and further analysis is completed in France and other countries with access to these components.
Metallic prosthetic component exchange with conversion to an alternate total ankle replacement system
Explantation of one failed TAR system with conversion to an alternative TAR system is warranted when same system component exchange is not feasible and the osseous defect is massive such that even TTC with bulk intercalary allograft would be challenging. (Figure 4 ). 17,37e39 DeVries et al 37 Unfortunately, the mix of standard with revision components was not provided and a subsequent longer-term follow-up study did not provide additional insight. 19 Another option is the Salto Talaris XT Revision Ankle Prosthesis that seems ideally suited for explantation and conversion when limited bone loss exists such as encountered with failed STAR systems ( Figure 5 ). However, until thicker UHMPWE inserts, wider tibial base plates, long stemmed talar, and augmented height tibial and talar components are readily available, the Salto Talaris XT Revision Ankle Prosthesis remains underpowered for universal revision of failed TARs, especially the Agility Total Ankle Replacement systems ( Figure 6 ) as well as the INBONE I and II Total Ankle Replacement systems. This will remain a matter for conjecture until peer-reviewed published data is available for review.
Explantation of failed Agility Total Ankle Replacement systems with conversion to the INBONE I or II Total Ankle Replacement systems has recently been proposed
Explantation of failed TAR systems with conversion to alternative TAR systems is associated with myriad intraoperative and perioperative complications that can negatively affect outcome. Therefore, the surgeon and patient should expect a high incidence of complications to occur with this approach, which should be reserved for situations where alternative revision strategies are not possible and TTC arthrodesis is undesirable.
Alternative revision techniques for salvage of failed total ankle replacement systems
Revision TAR with conversion to TTC arthrodesis utilizing bulk intercalary femoral head allograft (Figure 7) , 21 autogenous circular fibular pillar graft 14, 40 or trabecular metal spacers 23 should be reserved for select non-reconstructable cases when one of the previously mentioned options is not possible. A systematic review of TTC arthrodesis for failed TAR revealed complications in 62.3%
including nonunion rate of 24.2%. 21 Revision TAR with the tibial and/or talar components supported by multiple metal-reinforced triangular rods/large diameter screws 41 or coiled metallic wires 42, 43 affixed within polymethylmethacrylate cement ( Figure 8 ) and permanent polymethylmethacrylate cement spacer 44e46 are feasible in situations where conversion to TTC arthrodesis are not possible and BKA is not desired.
Conclusions
Revision of failed TAR remains a vexing problem with limited proven approaches. When possible, metallic component revision using standard or commercially available dedicated revision components appears to be the procedure selection of choice due to its simplicity. Explantation with conversion to an alternative TAR system is a viable option when limited bone loss exists but until offthe-shelf or custom-design long stemmed tibial and talar components are readily available this approach should be approached with caution due to the high incidence of perioperative complications. We agree with Whittaker et al 47 regarding revision joint replacement, who state, "When selecting the method of reconstruction and the materials for revision surgery, the potential for future further revision must be considered together with the life expectancy, functional demand and co-morbidities of the patient." The outcomes of revised TAR systems deserves additional investigation because the potential does exist that, rather than implant component replacement, it would be more prudent to perform TTC for TAR failures instead. Clearly, there is a real need for outcome studies to evaluate patients undergoing revision TAR for the current prosthesis systems available for use, and future efforts ought to be directed in this area.
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